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ABSTRACT

We presenta compositespectrumof Trojan asteroid624Hektor,0.3-3.6p.m,which

showsthatthereis no discernible3-p.mabsorptionband. Suchabandwould indicatethe

presenceof OH or H20- bearing silicate minerals, or macromolecular carbon-rich organic

material of the kind seen on the low-albedo hemisphere of Saturn's satellite Iapetus

(Owen et al. 2000). The absence of spectral structure is itself indicative of the absence of

the nitrogen-rich tholins (which show a distinctive absorption band attributed to N-H).

The successful models in this study all incorporate the mineral pyroxene (Mg, Fe SiO3,

the composition of hypersthene), which matches the red color of Hektor. Pyroxene is a

mafic mineral common in terrestrial and lunar lavas, and is also seen in Main Belt

asteroid spectra. An upper limit to the amount of crystalline H20 ice (30-1am grains) in

the surface layer of Hektor is 3 weight percent. The upper limit for serpentine, as a

representative of hydrous silicates, is much less stringent, at 40 percent, based on the

shape of the spectral region around 3 p.m. Thus, the spectrum at 3 p.m does not preclude

the presence of a few weight percent of volatile material in the surface layer of Hektor.

All of the models we calculated require elemental carbon to achieve the low _eometric
I

albedo that matches Hektor. This carbon could be of organic or inorganic origin. By

analogy, other D-type asteroids could achieve their red color, low albedo, and apparent

absence of phyllosilicates, from compositions similar to the models presented here.



I. INTRODUCTION

The D-type asteroid 624 Hektor is the largest of the jovian Trojan population. It is highly

elongated, with maximum and minimum dimensions 300 and 150 km, respectively

(Dunlap and Gehrels 1969, Hartmann and Cruikshank 1978, 1980). Infrared thermal

emission measurements also show that Hektor's surface has a low geometric albedo of

0.03 (Cruikshank 1977, Hartmann and Cruikshank 1978), while photometry in the eight-

color system shows that it is distinctly red (Zellner et al. 1985). The spectrum of Hektor

between 0.3 and 1 jam (Jewitt and Luu 1990), and 1.5 and 2.5 jam (data presented here)

shows no distinctive or diagnostic absorption bands that would indicate specific mineral,

ice, or organic surface components. Dumas et al. (1998) recorded segments of the

spectrum between 0.9 and 2.4 pm and found no clear absorption bands. A spectrum

between 0.48 and 0.95 jam by Vilas et al. (1993) similarly shows no prominent spectral

features (see below). The low albedos and red colors of asteroids and other small bodies

in the outer Solar System have often been considered suggestive of the presence of

macromolecular carbon-rich surface materials (e.g., Gradie and Veverka 1980,

Cruikshank 1987, Cruikshank and Khare 2000). On the other hand, specific spectral

matches have been very hard to establish (e.g., Luu et al. 1994, Moroz et al. t998).

In the quest to understand the origins and compositions of low-albedo bodies, we see

Hektor as a key object in the panorama of small, black and red-colored bodies that begins

with the satellites of Mars and continues on through the asteroid Main Belt. The question

of Hektor'scomposition arises in the context of its large size and its intermediate location

between the asteroid zone and the more distant small bodies. Is Hektor part of a
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continuum of asteroidal bodies of volatile-poor objects that formed in the inner part of the

Solar System, or is it a "gateway" object to the more distant realm of volatile-rich

planetary satellites and bodies extracted from the two great comet reservoirs (the Kuiper

Disk and Oort cloud)? Does Hektor's large size give it sufficient gravity to retard

significantly the escape of volatiles? We return to these issues in section IV B.

The characteristic low albedo and red color of Hektor and outer Main Belt asteroids

extends through the Hilda objects, the jovian Trojans, and into the outer Solar System,

where some planetary satellites, some Centaurs, and some Kuiper Disk objects are very

red and of low albedo. In the asteroid Main Belt, low-albedo bodies are mixed in with

bodies having higher albedos, but beyond 3.2 AU nearly all asteroids have low albedos.

In addition to variation in redness and albedo, asteroids show differing manifestations of

the presence of water. Lebofsky et al. (1990) conducted a search for H20 ice and

hydrous silicates in low-albedo asteroids using a series of filters across the 3-_m spectral

region where these materials absorb. Among the D asteroids they found no evidence for

ice and ambiguous results for hydrous silicates. In a spectral survey with hig!er spectral

resolution of C, P, and D asteroids at 3 lam, Jones et al. (1990) found clear evidence for

water of hydration in low-albedo objects at small heliocentric distances. They further

demonstrated that the C-types show decreasing evidence for water of hydration toward

larger heliocentric distances, and that the surfaces of the P- and D-types (typically at 3.5

AU) appear to be anhydrous (see section/II.A.3 below). Neither do (three of) the low-

albedo satellites of Jupiter show any evidence of H20 ice or hydrous minerals (e.g., Luu



1991,Dumaset al. 1998). BeyondJupiter,however,severallow-albedosatellitesof the

planetsshowH_Oice in their near-infraredspectra.Phoebe(Saturn),andNereid

(Neptune),arethenotablecasesthathavebeenreportedsofar (Owenet al. 2000,Brown

et aI. 1999a,Brown 2000).

With theexceptionof Centaurs5145Pholus(Cruikshanket al. 1998),10199Chariklo

(formerly 1997CU26,Brown et al. 1998),mostlow-albedoasteroidsandothersmall

bodiesin theouterSolarSystem(e.g.,Barucciet al. 1994,Luu et al. 1994,Dumaset al.

1998)showno diagnosticspectralfeaturesin thenear-infrared(1.0-2.5 pro). Other

studies (e.g., Vilas et al. 1994, Barucci et al. 1998) have focused on spectral features in

region 0.4-1.0 p.m that are attributed to iron-alteration minerals indicative of the presence

of phyllosilicates.

Jones et al. (1990) proposed that asteroids in the inner parts of the Main Belt had their

interior water (or ice) mobilized by the heat from the Sun, while at larger heliocentric

distances there was insufficient heat to liquefy any water and hydrolize the minerals. The

Trojan asteroids and the outer satellites of Jupiter are clearly in a transition region

between the asteroids and small, dark icy bodies such as Phoebe, where ice is clearly

present on the surface. It thus becomes interesting to test the hypothesis of Jones et al.

(1990) by determining whether or not there is any evidence of ice or hydrated minerals

on the Trojan asteroids.



Watericecanbedetectedin thespectralregion1.4-2.5_m, which is relativelyeasily

observed.However,clearevidencefor hydratedmineralscomesfrom a strong

absorptionbandthatbeginsat2.7 _tmandextendsto about3.6 l.tm,dependingupon the

presenceof OH in the mineralstructure,H20 in theminerallattice (as in the

phyilosilicates),andadsorbedmolecularH20. The latterspectralregion is muchmore

difficult to observebecauseof decreasedsolarintensity,strongabsorptionbandsin the

Earth'satmosphere,andothertechnicalcomplications.

As spectrometersimproveandvarioustechnicalproblemsareovercome,thespectral

regionaround3 p.mis proving to beimportantin thespectroscopiccharacterizationof

macromolecularorganicsolids. Notableexamplesarethelow-albedohemisphereof

Iapetus(Owenet al. 2000)andothericy planetarysatellitessuchasRhea(Dalle Oreet al.

1999,Cruikshanket al. in preparation).In thispaperwepresentanew spectrumof

Hektor in theregion2.4-3.6 lain. Whenaddedto earlierdataat shorterwavelengths,

thesedatagive someusefulconstraintson thecompositionof the asteroid'ssurface.

lI. NEW OBSERVATIONS
4

We report here a new spectrum of Hektor in the range 2.40 - 3.60 I.tm, obtained with the

CGS4 spectrometer on the United Kingdom 3.8-m telescope CO'KIRT) on Mauna Kea.

The unsmoothed spectrum is shown in Figure 1. The 40 lines/mm grating of CGS4 was

used in first order with a 1.2 arcsec slit, yielding an intrinsic resolution of 0.005 I.tm at all

wavelengths. Two settings of the grating were used, each covering 0.6 p.m, adjusted to

give a suitable wavelength overlap around 3.0 _m. The star BS 2141 (GO V, mv = 6.12)



wasobservedatcomparableairmassandusedasa standard.Wavelengthcalibrationwas

obtainedfrom measurementsof argonarclines in first andsecondorderandis accurate

to betterthan0.001p.m. Thedataweusefor modelfitting (Figure2 et seq.) have been

highly smoothed by re-binning the data in intervals of 0.06 p.m. For each bin the average

value and the standard deviation were calculated and plotted as a data point and an error

bar, respectively.

The new data are combined with data at shorter wavelengths from other sources. We use

photometry from the eight-color asteroid survey 0ECAS) (Zellner et al. 1985), and a

spectrum by Vilas et al. (1993) (Figure 2, with enlarged inset). We also use previously

unpublished spectrophotometry with the NASA Infrared Telescope Facility (IRTF) in the

range 1.6 - 2.4 ixrn (Table I). The IRTF data were obtained with a circular variable

interference filter and a single-detector InSb photometer. The spectrum was observed by

mechanically stepping the variable interference filter by a specified wavelength interval,

so that in the course of about 15 minutes some 16 individual photometric measurements

were made. The standard star, 16 Cyg B, a solar analog, was observed at a comparable

airmass and in the same manner.

Table ! Log of Observations of 624 Hektor

Object Date Mid-exposure
UT

1350624 Hektor

18CygB
1984 Sept. 7*

1984 Sept. 7* 0624

BS 2141 1998 Oct. 28"* 1254

624 Hektor 1998 Oct. 28"* 1325 1.10

624 Hektor 1998 Oct. 28"* 1440 1.10

BS 2141 1998 Oct. 28"* 1509 1.09

Airmass

1.10

1.18

1.08



* NASA InfraredTelescopeFacility,spectrometerusingacircularvariable interference
filter for wavelengthseparation.
** UnitedKingdom Infrared Telescope, using the CGS4 spectrometer

In addition, we use JHK photometry of Hektor from Veeder et al. (1983) as a check for

consistency in the absolute level (geometric albedo) of the spectrum and its overall shape.

Asteroids in the Main Belt show an increase in flux longward of about 3 i.tm, because of

their intrinsic thermal emission. At 5 AU heliocentric distance, however, Hektor is

sufficiently cold that the thermal flux is an insignificant fraction of the reflected solar

flux, and therefore no correction was necessary to produce the final spectrum.

IIl. DISCUSSION

The composite spectrum of Hektor in Figure 2 shows that the principal distinguishing

characteristics are the overall low albedo and the increase in reflectance toward longer

wavelengths (the red color) to about 2 I.tm. Hektor is clearly different from those

asteroids that have the hydrous silicate band at 3 I.tm, the low-albedo Centaur objects and

planetary satellites that show shallow H20-ice absorption bands, and the lo_-albedo

hemisphere of Iapetus with its strong 3-1am absorption band attributed to ice plus

macromolecular carbon solids (see references above). In view of these differences, we

ask what constraints can be placed on Hektor's surface composition, and what options

remain.



A. Compositional Models of Hektor's Surface

In order to test for surface constituents of particular interest, we first need a general

compositional model of the surface, calculated with a rigorous scattering theory and

using plausible components. We have calculated several models using the Hapke

scattering theory (Hapke 1981) and the complex refractive indices of pyroxene,

amorphous carbon, and other materials. Pyroxenes are a group of rock-forming mafic

silicates that are common in terrestrial and lunar igneous rocks, in meteorites and

asteroids, and have also been found in comet dust (Wooden et al. 2000).

The principal characteristics of Hektor's albedo spectrum that constrain the components

and the details of the models include a) the low albedo, the red slope at shorter

wavelengths, b) the lack of discrete spectral absorption bands, c) the noise in data in the

longest wavelength region, and d) the increase in albedo at wavelengths < 0.45 gm.

Overall, the low albedo is reasonably matched by Mg-rich pyroxene, but in some models

we have added carbon (amorphous and graphitic) to lower the albedo to the required

levels. Similarly, the red slope is matched in both intimate and spatial models with the

materials selected (see further discussion below). The absence of discrete sprctral
i

features constrains the presence of olivine, hydrous silicates (see below), H20 and other

ices, as well as organic solid material used in models of the red and low-albedo surfaces

of Iapetus (Owen et al. 2000) and Pholus (Cruikshank et al. 1998). While the noise in the

spectrum at is large at the full resolution of the spectral data, smoothing and averaging

demonstrates that there is no strong absorption band near 3 p.m, where OH, H20, and NH

bands occur, and that the reflectance is fairly fiat.

IO



Thesmall increasein albedoat theshortestwavelengthsis seenclearly in thedataof

Zellneret al. (1985) in their compilationof eight-colorphotometryof over 589asteroids.

A similar increaseis seenreliably in only eightotherasteroidsin their survey;oneis

anotherTrojan,andfive areHilda objects.Theincreasein Hektor's reflectanceat the

shortestwavelengthsmayalsoappearin thespectrumby JewittandLuu (1990,Fig. 2e),

althoughtheir datado notextendshortwardof 0.40 larn.We havenot beenableto

reproducethis featurein anyof ourmodels.

Themodelsfall into two categories,thosethatrepresentintimate mixturesof all the

surfacecomponents at the granular level, and those in which the individual surface

components are spatially isolated from one another. The fundamental differences arise in

the way sunlight interacts with the surface constituents. In the intimate mix models, an

individual solar photon scatters from a grain of each mineral or ice before it is emitted

from the surface in diffuse reflection. The photon interaction is proportional to the

geometrical cross-section of each component, which in turn is dependent upon its relative

abundance, grain size, and solid density. In spatial models, an incoming pho_n scatters

J
from a grain or grains of a single constituent (mineral or ice) only before being emitted

from the surface.

It is important to note that we are modeling both the spectral shape and the value of the

geometric albedo at every wavelength, thereby constraining the surface composition,

11



grain sizes, and nature of surface component mixing better than can be achieved by

simple spectrum comparison and matching of normalized spectral reflectance.

The details of some of the models are given in Table H.

Table H. Some Successful Models of 624 Hektor

Model Type

Intimate

Mixture

Component

Pyroxene

Intimate

Mixure

Iniimate

Mixture

Intimate

Mixture

Spatial
Distribution

Grain size

30

Weight
%

45

Amorphous 20 40
carbon

50Graphite

Pyroxene

Amorphous
carbon

Serpentine

Pyroxene

Amorphous
carbon

Serpentine

HCN polymer

Pyroxene

Amorphous

carbon

30

Iron sulfide

20

70

30

20

70
30

30

20

50

30

30

Pyroxene

Amorphous

carbon

15

4o ....

20

'40

44

11

Serpentine 30 --

30

15

45

40

15

Notes

Pyx 0.8 Mg, Jena

Pyx 0.8 Mg, Jena

_IVIg-rich

Pyx 0.8 Mg, Jena

Mg-rich

Pyx 0.8 Mg, Je/na

I

Pyx 0.8 Mg, 30%

surface coverage
20% surface

coverage
50 % surface

coverage

i2



Table III Sources of Optical Constants

Material Source Notes

Olivine Lucey 1998
Univ. of Jena-'web site*Olivine (Fo50)

Pyroxene

Murchison organic extract

Triton tholin

Univ. of Jena web site*

Khare et al. 1994a

Khare et al. 1994b

Extends only to 2.5 _m

Mg(0.8) Fe(1.2) SiO4

Mg, Fe SiO3 (various

proportions of Mg and Fe)

Analysis in McDonald et al.
1994

Ice tholin I Khare et al. 1993 Analysis in McDonald et al.

1996

Allende meteorite This paper **
Roush 1987Serpentine

HCN polymer

Ted RoushH20 ice

FeS Pollack et al. 1994

Khare et al. 1994a

Calculated by T. Roush

Mg-rich serpentenite

Hexagonal, T = 1O0 K

Used in place of Fe

* http://www.astro.uni-jena.de/Group/Subgroups/Labor/Labor/silicates.html

** see section KI.A.6.

With the information in Table 11, the intimate mixture models are self-explanatory.

We do not propose that these models accurately reflect the composition of Hektor's

surface (although one of them might); instead, they serve as points of departure for the

investigation of the presence of ices, hydrous silicates, and organic solids.

A. 1. Marie Silicates

We show in Figure 3 that the general features of the Hektor spectrum can approximately

be matched with a mixture of Mg-rich pyroxene and elemental carbon (a mixture of

13



graphiteandamorphousC). In this model,thepyroxeneprovidesthe overall shapeof the

spectrum,while thecarbondecreasesthealbedoto thelevelobservedon Hektor.

Pyroxeneandolivine arefound in numerousasteroidspectra,notably the S-types(e.g.,

Gaffeyet al. 1989),andbothcouldcontributeto the low albedoof Hektor. Both minerals

havediagnosticspectralfeaturesbetween0.8and2.3p.m,but thesebandsarebroadened

andsubduedwhenthemineralsoccur in soilswith particlesizes>-200 tam(e.g.,Crown

andPieters1987). Furthermore,Moroz andArnold (1999)showthat thepresenceof a

materialof neutralreflectance(pyrrhotitein their experiments)affectsthebandcontrasts

of thesemineralsandtherebyinfluencesabundancedeterminations.Severalstudieshave

showntheeffectof temperaturevariationson thespectralsignatureof mafic silicates

(e.g.Roush1984,SingerandRoush,1985,RoushandSinger1987). Recentefforts

suggestthatthiseffectmaybemorepronouncedthanoriginally reported(e.g.,Hinrichs

et al. 1999a,b2000,Schadeand W_ch 1999,Morozet al.2000). Although these

variationsmaybemostimportantin the interpretationof themineralogyof the S-type

asteroids,theeffectsof temperatureon thecomplexrefractiveindicesusedin this work

shouldbe investigated.

Thecomplexrefractiveindicesrequiredin theHapkescatteringcalculationsareavailable

from two sourcesknownto us. ThevaluesderivedbyLucey(1998)extendin

wavelengthonly to 2.5 p.m,while valuesgivenby theJenagroupon theirweb siteextend

muchfurther. We havemademodelcalculationswith theLucey valuesover therange

theycover,but themodelsweshowhereusetheJenavalues;differencesin theregionsof

14



overlap are negligible in the current work. Our principal successes in modeling Hektor's

reflectance come with the Mg-rich pyroxene (80% Mg, 20% Fe), which has the

composition of hypersthene. We have also used pyroxenes from the Jena collection with

60% and 40% Mg, as shown in Figure 5. Among other things, the models in Fig. 5

demonstrate that the more Mg-rich pyroxenes are generally redder in the region 0.3-2

p.m.

Models in which olivine (Fo 90, or forsterite, the Mg-rich end-member olivine) data from

Lucey (1998) were included together with pyroxene, graphite, and FeS, provided a

satisfactory match to the Hektor spectrum out to the 2.5 _ma limit of the Lucey data. The

models are trending upward toward longer wavelengths, away from the trend of the 2.5-

3.6 p.m data for Hektor.

A. 2. H_O Ice

At visual wavelengths all ices and frosts are highly reflective and lack color.

Consequently, the presence of ice on a planetary surface generally raises the albedo

above that arising from minerals and organic solids. In addition, there are th_e

l

diagnostic features of H20 ice in our spectral region in the form of absorption bands at

1.5, 2.0, and 3 p.m. Also, the ice decreases the red slope in the visible region by raising

the albedo. From the several models we calculated for various grain sizes and weight

percentages of H20 ice, we conclude that if the grain size of H20 ice is 100 lam, the

upper limit in our model fits to the Hektor spectrum is 5-7 weight percent. For 30-1ma ice

grains the slope decreases even more rapidly with increasing quantities, and when 3

15



weightpercentH20 is added,thefit is poor.

weight percent.

An upper limit of 30-I.tm ice grains is thus 3

In Figure 4 we show three models that include H20 ice. Olivine has been added to help

keep the albedo close to the Hektor data in the short wavelength region, but olivine has

the property of raising the albedo for _.>2.2 _m.

A. 3. Phyllosilicates

A body of telescopic and laboratory studies has led to the supposition of a genetic

relationship between the low-albedo asteroids and carbonaceous meteorites (e.g., Gaffey

et al. 1989, Cruikshank 1997). The carbonaceous meteorites contain phyllosilicates,

predominantly iron-bearing species (Bunch and Chang 1980, Zolensky and McSween

1988). The lattice-bound OH and interlayer trapped H20 in the phyllosilicates gives rise

to a prominent absorption band in the reflectance and transmission spectra of the CO, CI,

and CM meteorites, centered at 3 _tm (e.g., Hiroi et al. 1996; Calvin and King 1997).

Calvin and King (1997) found that the strong 3-p.m band in CI and CM meteorites was

due to several mineral phases (combinations of Fe and Mg phyllosilicates). I_ the case of

Murchison, heating to 600 C greatly reduces the strength of the 3-lain band, and heating

to 900 C removes it entirely (Hiroi et al. 1996).

Hydrated lattice layer silicates are also found in some interplanetary dust particles CIDPs);

smectite-bearing IDPs are predominant, but serpentine-bearing IDPs also occur (Bradley

1988). Micrometeorites, which represent the principal mass influx of meteoric material

16



to theEarthat thepresenttime, areprimarily carbonaceousin natureandalsocontain

hydrousminerals(Mauretteet al. 1996).

Becauseof thepresumedgeneticlink betweenthecarbonaceousmeteorites,someclasses

of IDPsandmicrometeorites,andtheasteroidsof low albedo,thepresenceor absenceof

the 3-_tmabsorptionin thereflectancespectraof asteroidsis of specialinterest. This is

particularlytrue becauseof thepaucityof anyOtherprominentandreadily interpretable

spectralfeatureobservedsofar in theseasteroids(e.g.,Joneset al. 1990). We have

thereforeuseda serpentinein ourmodelingcalculationsfor Hektor. We havecomplex

refractiveindicesfor only onesuchmineral,aMg-rich serpentine(Roush1987,p. 25,

specimenidentified asserp01). Spectraof otherhydroussilicatescanbe found in Calvin

andKing (1997).

Thereflectanceof serpentineshowsachangein slopeat -2 p.m,aswell asa strong

absorptionbandat 3 l.tm. In calculationswith grainslargerthan50p.mthestrongbandat

3 _ becomesshallow. Our modelswith pyroxeneandcarboncanaccommodate-40

weightpercentof serpentinewith grainsize70pm (Figure5). Roush'stabulationof the
I

chemicalanalysisof this serpentinespecimen(1987,Table3) showsthat the loss-on-

ignition value is 14.5percent;this meansthat thevolatiles(H20 andothers)lostduring

pyrolysisamountedto 14.5percentof theweightof thesample.Thus,if 40 percentof

Hektor's surfacematerialwereto consistof this serpentine,thebulk volatile contentof

thesurfacewould be5.8 percent.This valueis comparableto themaximumamountof

17



H20 ice that can be accommodated by the models of Hektor's spectrum (see III.A.2

above). We return in Section IV.B to the significance of volatiles in Hektor's regolith.

A.4. The Role of Carbon in the Models

We showed above in Figure 3 that a simple intimate mixture of a Mg-rich pyroxene and

elemental carbon provides an approximate match to the spectrum of Hektor. The carbon

in this model could be derived from fully dehydrogenated organic matter, or it could have

some other origin. In contrast, the surface of Centaur object 5145 Pholus has a steep red

slope (steeper than Hektor) and albedo level (as well as a discrete absorption band at 2.27

lam) that are modeled with a mixture that includes macromolecular organic carbon and

solid methanol (CH3OH) (Cruikshank et al. 1998). Pholus appears to require organic

carbon to match the overall spectral shape, particularly in the region 0.4-1.0 gm. This

view that was adopted by three independent groups who studied the spectrum shortly

after this object (originally designated 1992 AD) was discovered (Mueller et al. 1992,

Binzel 1992, Fink et al. 1992). A surface containing macromolecular organic carbon and

a light hydrocarbon like methanol could be highly (or completely) reduced by heating,

cosmic ray bombardment, and other space-weathering processes, given suffi_ent time,
I

although we have no assurance that there could have been sufficient solar heating at 5

AU to have any effect.

Hektor can also be modeled satisfactorily with a mixture of pyroxene, serpentine,

hydrogen cyanide polymer, and organic carbon in the form of a terrestrial kerogen (see

below). At the level of the present modeling study_ we cannot distinguish between

18



organicandinorganiccarbon. Furthermore,it is possiblethatcarboncouldbe replaced

entirelyby avery low-albedomineralof neutralreflectance.

A.5. Macromolecular Carbon-Bearing Material

We have incorporated two kinds of macromolecular carbon-bearing materials in our

models; a solid polymer of hydrogen cyanide (HCN) (Khare et al. 1994a), and four

varieties of the synthetic macromolecular complex called tholin.

Owen et al. (2000) have successfully modeled the albedo spectrum of the low-albedo

(leading) hemisphere of Iapetus between 0.4 and 4 _m, using an intimate mixture of the

material known as Triton tholin (see Table IV), H20 ice, and amorphous carbon. The

tholin provides the steep upward slope (toward the red) and a very strong absorption band

at 3 pan seen in the Iapetus spectrum. The carbon adjusts the albedo downward to the

Iapetus level, and the H20 ice matches three absorption bands of moderate strength. The

low albedo and red color of Iapetus' leading hemisphere caused us to try similar models

for Hektor, but we quickly learned that the strong 3-I.trn band in Triton tholin severely

limits the amount of this material that can be present on the asteroid. Our m cttels show

that no more than about five weight percent of Triton tholin (grain size 100 lam) can be

present in the surface layer of Hektor.

We noted above that the spectrum of 5145 Pholus can be matched with an intimate

mixture of several components that includes Titan tholin (see Table IV). We calculated

models with intimate mixtures of Titan tholin paired with FeS, olivine, or pyroxene, but

19



in all casestheresultingalbedowastoo low in theregionbeyond2.5 p.m. Furthermore,

theslopeof thealbedoin theUV-visible regionfailed to matchtheobservations.

Two othertholins,both of whichwereproducedby theirradiationof ice mixtures,and

denotedice tholinsI and[I (seeTable IV) were tried in various combinations with

pyroxene, but the models all failed to achieve the shape of the Hektor spectrum. All of

the tholins show strong absorption at 3 _tm, and absence of this band in the spectrum of

Hektor strongly limits the quantity that could be present.

Table IV Tholins

Name Starting Mixtur e .... Energy Source

Plasma. dischargeTriton tholin Gaseous N2:CtL (99.970.1). .

Titan tholin Gaseous N2:CH4 (9:1) Plasma discharge

Ice th°lin I H20:C2H6 (6:1) Plasma discharge

Ice tholin I1 H20:CH3OH:CO2:C2H6

(80:16:3.2:0...8)

Plasma discharge

o,

References
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Spectra of other macromolecular carbon-bearing materials are available (e.g., Cloutis et

al. 1994, Moroz et al. 1998), although to our knowledge the complex refractive indices

have not been determined for these materials. Refractive indices are available for

kerogen (Khare et al. 1994a), and while we have experimented with kerogen-bearing

models, we do not include them here because this material is of terrestrial biological

origin. Some macromolecular materials, particularly the mostly dehydrogenated organic
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solids(e.g.,theanthraxolitesshownby Morozet al. 1998)maynotbeprecludedfrom

presenceonHektor. Morehydrogenatedmaterials(asphaltitesandkerites)havevery

strongspectralabsorptionssurroundingthe3.4-l.tmC-H bands,andcannotbepresentin

significantamountsonHektor. Weseenoevidencefor the3.4-pmbandcomplexon

Hektor,althoughthenoisein thedatais ratherhigh. Severalstudiesof the

dehydrogenationof complexorganicsby energydeposition(e.g.,Thompsonet al. 1987,

Strazzullaet al. 1988),with aconsequentdarkeningandremovalof spectralfeatures,

maybe relevantto theHektorcase,althoughthespecificsanddetails remainfor future

investigators.

A.6 Comparison With Meteorites

It is reasonable to consider carbonaceous meteorites and their constituents, as well as

other low-albedo meteorites as possible components of Hektor's surface. Several

possibilities exist, including the well-studied Allende, Murchison, and Orgueil, and the

carbon-bearing urelites. Some shocked ordinary chondrites are also very black, and

deserve consideration. The carbonaceous meteorites represent a wide range of

histories, and degrees of hydration; the latter is evident in the _resence orcompositions,

absence of the 2.9-1am OH and H20 band complex (e.g., Salisbury et al. 1991).

In order to include the Allende meteorite in the Hapke scattering models described above,

the complex refractive indices were calculated from a reflectance spectrum of powdered

meteorite (chondrules + CAI + matrix) for which the particle sizes are known, by T. L.

Roush, using the Kramers-Kronig approach (see Appendix A).
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Figure6 showsbiconical reflectancespectraof apulverizedsampleof Murchison(CM2),

anacid-insolubleorganicresiduefrom Murchison,andtheAllende powdernotedabove.

Thespectralreflectanceof Allendein theregion3.0-3.6-1amis smoothandsloped

slightlydownwardtowardlong wavelengths,in a waythat isnot stronglydifferent from

Hektor. It is alsored in thephotovisualspectralregion,similar to theasteroid,andhas

shallowabsorptionbandsnear 1.05and1.9I.tm(olivine andpyroxene). Theweak

absorptioncenteredat -2.9 p.m is consistent with the presence of a very small percent of

hydrous silicates present in CV meteorites, or perhaps adsorbed H20 in the powdered

specimen (see also Salisbury et al. 1991).

The bulk Murchison material in Figure 6 is also red at short wavelengths, and apart from

some absorption bands, the reflectance rises continuously toward longer wavelengths.

Murchison presents a distinct absorption band at 0.8 Ixrn, a shallow band at 2 p.m, and a

distinct water of hydration band at -2.7 _tm. An inflection at 3.4 p.m in the broad

hydrous silicate band occurs at the position of the C-H stretching mode complex

characteristic of aliphatic hydrocarbons. Aliphatic hydrocarbons are found iq the

Murchison meteorite (Cronin et al. 1988), although Salisbury et al. (1991) caution that

organic vapors from laboratory vacuum pumps can also find their way to meteorite

samples and give a false spectral signature. The bulk Murchison and Allende samples

shown in Figure 6 were both prepared and stored in the same manner and at the same
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time;the absenceof theC-H signaturein Allendecertifiesthatthespectralsignaturein

Murchisonis intrinsic to thematerialandnotdueto laboratorycontamination_

Bulk Murchison,with its strongwaterof hydrationsignatureis clearlyno matchfor the

spectrumof Hektor,but studiesof dehydrated Murchison meteorite (Hiroi et al. 1996)

show that the band disappears upon heating, as noted above.

The acid-insoluble organic residue extracted from the Murchison meteorite by Alaerts et

al. (1980) has a different shape from the bulk Murchison, and the strong hydrous silicate

signature centered near 2.7 lam is gone. The 3.4-txrn signature of aliphatic hydrocarbons

remains.

Additional reflectance spectra (0.35-2.5 I_rn) of powdered meteorites are given by Gaffey

(1976), and transmission spectra (2.5-25 I.trn) have been published by Sandford (1984,

1993). Salisbury et al. (1991) show many meteorite spectra in biconical reflectance, 2.5-

13.5 _tm). Gaffey shows a urelite and four shock-blackened chondrites; all have red

slopes in the short wavelength region, an absorption band at 0.9 grn, and gradually

increasing slopes toward longer wavelengths. In Sandford's (1993) spectra of urelites,

there is a weak water band at 3 I.tm, but Sandford attributes it to adsorbed water in the

KBr pellets used in the process of obtaining transmission spectra. The shocked ordinary

chondrites do not contain water or hydrous silicates, and should not have a 3-t.tm band.

The spectra in Figure 6 were obtained in the laboratories of R. N. Clark and J. W. Salisbury, with the
assistance of K. Uchida.
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In summaryof this section,thereis no directspectroscopiclink betweenthe surfaceof

Hektorandanyof the very low-albedometeoritesstudiedsofar, althoughsmall amounts

of dehydratedcarbonaceousmeteorites(e.g.,Murchison)arenot completelyexcluded.

A.7 Iron Sulfide

Metallic iron is apparentlyafundamentalcontributorto theopticalpropertiesof the lunar

surface,andit ariseson maturelunarsoil grainsthroughtheinteractionof thesolarwind

with FeO in lunar minerals(Pieterset al. 2000). The red coloration of S-type (and the A

subtype) asteroids has been attributed by some investigators as a result of the presence of

metallic Fe in the surface materials (see Gaffey et al. 1989). These irradiation effects are

less important at the large heliocentric distances of the outer asteroid belt and the Trojan

regions, but the effects of Fe ° on the optical properties of such asteroids should be

examined further. In particular, the effects of micrometeorite impacts on the segregation

and reduction of iron in regolith grains of distant asteroids require study.

We tried a series of models using the optical constants of FeS (as a replacement for

metallic Fe) because of the low albedo and reddish color of this material. We_find no

compelling reason to prefer FeS to the color and albedo properties of the other materials

used in different models.
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B. Spatial Models

We computed a number of models in which the selected components were isolated from

one another in the spatial sense, as described in section IlI.A. The images of asteroid 433

Eros from the NEAR-Shoemaker spacecraft have shown that the spatial segregation of

different surface materials on an asteroid does indeed occur. Regions of the surface

could consist of materials excavated from depth by recent impact events, or different

materials that are deposited from an external source, to mention only two plausible

examples giving rise to such a situation. In such models, the number of free parameters

increases over the intimate mixture models, and for the present purposes we show only

two of the better models (Figure 7) with pyroxenes, amorphous carbon, and serpentine.

As can be seen in Figure 7, neither model fits the Hektor spectrum as well as the intimate

mixture models with the same components, particularly for the pyroxene with 80 percent

Mg. The sensitivity to the concentration of serpentine does not change significantly

compared to the intimate mixture models.

IV. CONCLUSIONS

A. Results of the Observations and Modeling f

We have shown that the low albedo and the shape of the reflectance spectrun_ of Hektor

can be matched by models incorporating pyroxene and carbon, as well as by various

combinations of these materials plus organi c solids (kerogen) and HCN polymer. None

of our models is regarded as unique, but the family of models that match the spectrum of

Hektor to a reasonable degree allow us to put constraints on the composition of the

surface layer of this body.
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Theabsenceof waterice atconcentrationsgreaterthanafew percentdistinguishes

Hektorfrom severalother low-albedoobjectsin theoutersolarsystem.Phoebe,Nereid,

someCentaurs,andsomeKuiperDisk objectsshowabsorptionbandsof H20 ice

(referencescitedearlier,plusBrown et al. 1999b).Spectraof thethreeirregularsatellites

of Jupitershownoevidenceof H20 iceabsorptionsin the 1-2.5_tmspectralrange

(Dumaset al. 1998,Brown 2000),but spectrahavenotyet beenobtainedat longer

wavelengths.

The 3-I.tmspectralregion is diagnosticnotonly of H20 ice, but of H20 associated with

phyllosilicates, and in the hydrous silicates. Our models show that the hydrous silicate

serpentine, which originates from the hydrothermal alteration of olivine, could exist on

Hektor in concentrations up to about 40% and still be compatible with the observational

data. It appears that the carbon used in the models might quench the 3-p.m band of bound

H20, masking its possible presence in small quantities.

The data presented here preclude large amounts of certain organic materials o[a Hektor,
t

notably the material that has a strong 3-p.m band and fits the spectrum of the low-albedo

hemisphere of Iapetus very well. Macromolecular carbon-bearing material with a

kerogen-like structure and certain other organic solids are not precluded, provided that

they do not have strong 3-1am absorption bands. The low albedo throughout the spectrum

is a strong indicator of carbon as a surface component, but we do not know the origin of
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thatcarbon. Our modelsuseelementalcarbon,whichon Hektor couldbederivedfrom

thedehydrogenationof organiccarbon.

We alsoshowedthat theAllendemeteoriteis not agoodspectralanalogfor Hektor,nor

doMurchison,theurelites,or shock-blackenedordinarychondritesprovideaspectral

match. Small amountsof thesematerialsarenotprecludedfrom Hektor's surface,but

theyarenot thespectrallydominantcomponent.

Thequestionof the surfacecompositionof Hektorhasnot yetbeensolved,but thestudy

presentedheredemonstratesthatH20 ice is notabundant,andthat dehydrogenated

organiccarbonandasignificantamountof waterboundin mineralsmaybepresent.

Thepossibility thatasmuchas40weightpercentof Hektor'ssurfacematerialcould bea

hydroussilicatewithout its presence being revealed through the 3-l.tm absorption band

carries important implications for other low-albedo asteroids in the main belt and in the

Trojan populations. It is possible that the trend of decreasing 3-1arn absorption band

strength with heliocentric distance in the low-albedo asteroids (Jones et al. 1990) is a
f

consequence of an increased abundance of rb..duced carbon.

i i-_.... " 2 -,

Spectra of comets show the C-H stretching mode spectral features at 3.4 l.tm in emission.

The same bands could, in principle, appear in absorption in the reflectance spectrum of a

solid comet nucleus or other volatile-rich body. The noise in our data restricts the

possibility of finding the 3.4-1am C-H stretching mode absorption bands on Hektor, but
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data of higher quality should eventually enable the determination of a meaningful upper

limit.

Concerning the suggestion by Gradie and Veverka (1980) that Hektor (as a representative

of small bodies of low albedo) may be colored by macromolecular carbon-bearing

materials, we find no direct support for this hypothesis because a common igneous

mineral (pyroxene) will suffice to provide the color. However, we cannot rule out or

exclude the possibility that organic material is the cause of the red color and low albedo.

B. The Nature of ltektor

The observations and modeling reported here bring us back to the larger scale paradox of

the distribution of detectable H20 ice, and volatiles in general, on the surfaces of small

and modest-sized bodies in the outer solar system. It is generally accepted that small

bodies beyond the outer belt or the Trojan zone are potential comets. Like 2060 Chiton,

10199 Chariklo, and other such bodies, they contain ice that can produce coma

phenomena if they approach close enough to the sun. As noted above, recent

observations show ice in on their surfaces. What physical processes control tthe presence
I

or absence of exposed ice, and is there a consistent set of unifying principles that can be

identified? Some of those principles may include the following (partly adapted from

Hartmann, 1980):

• The primordial low-albedo, outer solar system material usually contained ices and

volatiles, having condensed at low temperature. The putative outward migration of the
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giant planets after their formation, as well as the effects of the faint young Sun, will have

affected the distribution of ices in these bodies, but in ways that cannot currently be

quantified.

• This water ice was mobilized in the low-albedo asteroids of the outer belt by solar

heating and some of the H20 was locked in surface material as water of hydration.

• Water ice was also mobilized in many outer solar system satellites by internal heating,

associated either with large size or tidal flexing. In at least some cases, such as Europa,

Ganymede, Enceladus, and others, H20 ice rich surface layers were created.

• Competing with these processes, hypervelocity impact gardening tends to vaporize any

ice that was mixed into surface layers, leaving behind the lower-albedo non-volatile

materials. Sputtering by solar wind and cosmic rays, as well as other ablation processes

may also be significant.

• On "pure" ice crusts, impact gardening (and other ablation processes) eaus!es gradual

darkening and ice depletion (as can be seen on Callisto, where recent cratersdpenetrate

through a dark layer into fresh ice, but old craters are darkened). Ice can added to the

surface material by sporadic impacts big enough to tap the "pure" ice layers beneath the

ice-depleted, gardened regolith, and maintain some ice content in the regolith mix, as on

Callisto.
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• Onsomeprimordial, smallerinterplanetarybodies, such as Hektor and smaller objects

beyond the outer belt, hypervelocity impact gardening devolatilizes the spectroscopically

accessible surface layers fairly rapidly. Perhaps Hektor has no "pure" near-surface layer

to add fresh ice during gardening, thus leaving no spectroscopic trace of the volatile

content. Other bodies (e.g., Chiron, Nereid, Phoebe) may have near-surface ices that can

recharge the surface regolith to produce a detectable ice signature

• The most likely interplanetary bodies on which to see spectral evidence of ices (as well

as cometary activity) might therefore be those whose orbits have recently changed and

brought them closer to the sun, where warming moves mobilizes volatiles and brings

them into the surface layers.

Beyond impact gardening, sputtering, and outward migration of the planets after

formation, other factors, yet unidentified or understood, may eventually rise to a level of

significance in explaining the trends and irregularities in the compositions and surface

processing of small bodies in the middle and outer Solar System.
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APPENDIX A

Deriving Optical Constants of Allende

Clark and Roush (1984) first discussed the use of measured reflectance and Hapke

scattering theory (Hapke, 1993) to estimate the absorption coefficients of the material.

The general approach is to model the measured reflectance using Hapke theory. This

requires some independent knowledge of the grain size, certain assumptions regarding the

behavior of the real index of refraction and scattering behavior of the material, and

iteratively varying the imaginary index of refraction until the model spectrum reproduces

the measured spectrum to some specified level of precision. Calvin and Clark (1991)

used this approach to estimate the absorption coefficients for three carbonaceous

chondrites, and two enstatite chondrites. More recently, Lucey (1998) similarly derived

the absorption coefficients for a suite of olivines and pyroxenes. Here we use this

approach to derive the optical constants for Allende meteorite.

We began with the reflectance spectrum covering the 0.26-4.01 _n region, rl'his sample

was measured at the USGS spectroscopy laboratory with an effective viewing geometry

having incidence, emittance, and phase angles of 0", 30*, and 30., respectively. The

sample consisted of particles that passed through a sieve with 125 I.tm openings and were

retained by a sieve having 90 I.tm openings. We used the median particle size (107.5 I.tm)

for our final results, although we did investigate both extremes of particle size. We
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estimated the real index of refraction, at 0.56 mm, as 1.7400 by reviewing the

mineralogical components of Allende and calculating an average value; weighted by

mineral abundance. Initially we solved for the imaginary index by assuming the real

index is constant over the wavelength region. Using these initial estimates of the

imaginary index, we used a subtractive Kramers-Kronig approach to solve for the

wavelength dependent nature of the real index. We then used these revised values for the

real index in another iteration to solve for the imaginary index by fitting the measured

reflectance. We continued these iterations until there was little change in either the real

or imaginary indices of refraction. We found that within two iterations using the

Kramers-Kronig analysis the imaginary index changed by less than four parts in 105 and

the real index changed by less than three parts in 103 . The greatest variation in the

imaginary index associated with assumptions about grain size is ~40% when comparing

the results for the smallest and largest grain sizes; ~ 15% when comparing the largest and

median grain size; and -22% when comparing the smallest and median grain size. Our

use of the median grain size suggests errors in the imaginary index on the order of 20%.
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FIGURE CAPTIONS

Figure 1. The spectrum of 624 Hektor, 2.4-3.6 I.tm, obtained October 28, 1998. The

region 2.57-2.83 _tm is heavily obscured by telluric H20 vapor. The flux scale is in

W/m 2 lam. At the time of the observation, Hektor was 5.194 AU from the Sun and 4.556

AU from Earth. The solar phase angle was 9.0 deg.

Figure 2. Upper panel: the composite spectrum of Hektor from the sources indicated in

the text, including a segment (inset) of the CCD spectrum by Vilas et al. (1993). The

38



ECAS (~0.3-1.1/am) data points and errors are from Zellner et al. (1985), the three large

diamonds are JHK photometry from Veeder et al. (1983), the segment from 1.5-2.4 is the

previously unpublished IRTF data set (Table I and text), and the segment 2.4-3.6 lam is

from the 1998 UKIRT data (Table I and text). The gap in the UKIRT data from 2.55 to

2.85 lam is a region of strong telluric absorption. Lower panel: the composite Hektor

spectrum without error bars, shown with the spectrum of the low-albedo hemisphere of

Iapetus (Owen et al. 2000) for comparison.

Figure 3. The two intimate mixture models shown here incorporate only pyroxene (80%

Mg), amorphous carbon, and graphite in the proportions shown. The figures in

parentheses are the grain diameters in micrometers. Both of the models deviate upward

from the Hektor data at _.>2.5 _tm, and are inferior to other models shown, notably in

Figure 5.

Figure 4. Intimate mixture models shown here include varying amounts of water ice,

evident in the absorption bands at 2.0 and 3 tam. Pyx = pyroxene (80% Mg in all cases),

AC = amorphous carbon, Serp = serpentine, O1 = olivine. The figures in parentheses are

the grain diameters in micrometers of the individual components.

Figure 5. Intimate mixture models of pyroxene, amorphous carbon, and serpentinewith

varying amounts of each component. The effect of the different Mg content of pyroxenes

is shown. The top panel uses pyroxene with 80% Mg, the middle panel is 70% Mg, and

the lower panel is 60% Mg; all optical constants for the pyroxenes were taken from the

Jena group web site (footnote to Table 11I).

Figure 6. Laboratory biconical reflectance spectra of three meteoritic materials.

(Cruikshank et al., in preparation)

Figure 7. Two models in which the three components are spatially segregated. Pyx80 is

the Jena pyroxene with 80% Mg, and Pyx 60 has 60% Mg. AC = amorphous carbon,

Serp = serpentine. The numbers in parentheses and separated by colons give the

percentages of the surface covered by the three components, respectively.
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